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Identification of a Keratin 4 Mutation in a Chemically
Induced Mouse Mutant that Models White Sponge
Nevus
Kelly A. McGowan1, Helmut Fuchs2, Martin Hrabe´ de Angelis2 and Gregory S. Barsh1
With the goal of increasing the number of genetic entry points for studying physiologic processes and human
disease, large-scale, systematic, chemical mutagenesis projects in mice have been initiated in several different
centers. We have been studying mouse mutants that exhibit dominantly inherited defects in either skin and/or
hair color. Here, we describe a bright coat color mutant, Bright coat color 1 (Bcc1), which develops light-colored
hair at 4 weeks of age, and when homozygous exhibits oral leukoplakia and blistering, and growth retardation.
We identified a missense mutation in mutant animals that predicts an N154S amino-acid substitution in the 1A
domain of Keratin 4 (encoded by the Krt2-4 gene), a region known to be mutated in human patients with white
sponge nevus (WSN). Bcc1 recapitulates the gross pathologic, histologic, and genetic aspects of the human
disorder, WSN.
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INTRODUCTION
Phenotype-driven genetics is a powerful approach for
identifying molecular pathways involved in human disease.
In order to systematically assign functions to genes and to
dissect molecular pathways, investigators have begun to
screen large numbers of chemically mutagenized animals in
various model organisms to analyze specific morphogenetic
and physiologic pathways (Haffter et al., 1996; Rinchik and
Carpenter, 1999; Koebner and Hadfield, 2001). Recently,
several centers have undertaken large-scale chemical muta-
genesis projects in the mouse (Hrabe de Angelis et al., 2000;
Nolan et al., 2000; Shiroishi, 2001; Clark et al., 2004). Large-
scale screening for a variety of clinically relevant phenotypes,
such as skeletal defects, eye defects, behavioral abnormal-
ities, and hematologic abnormalities, is ongoing at centers in
the United States, Japan, England, and Germany. Among the
variety of different mutagens that have been tested (Russell
et al., 1979), most current screens use the alkylating agent
ethylnitrosourea (ENU), which causes point mutations and
small insertions or deletions in the male germ line.
In the dominant screen undertaken in Neuherberg,
Germany (http://www.gsf.de/ieg/groups/enu-mouse.html), two
of us (M.H.d.A. and H.F.) have recovered a number of
dominantly inherited traits, of which a significant proportion
of the phenodeviants have abnormal hair or skin color.
Recently, we characterized a new class of pigmentation
mutants identified by virtue of exhibiting dark skin (Dsk)
(Fitch et al., 2003). We have found that most of the Dsk
mutants represent genes that were not previously implicated
in pigmentation, and that these mutants can be characterized
on the basis of the site and timing of pigment accumulation.
In conjunction with our efforts to characterize Dsk
mutants, we have also studied a new mutant, Bright coat
color 1 (Bcc1), that was identified by a light coat in Bcc1/þ
animals at 3 months of age. We found that Bcc1/Bcc1
animals have lingual leukoplakia, which is a result of
mucosal cell cytolysis and edema. Oral findings in Bcc1
animals are reminiscent of patients with the dominantly
inherited condition white sponge nevus (WSN) (OMIM
193900) (Jorgenson and Levin, 1981, Rugg et al., 1995).
Here, we describe the whole animal, histologic, and
molecular genetic characterization of Bcc1, and identify a
missense alteration in the 1A domain of Keratin 4 (encoded
by the Krt2-4 gene).
RESULTS
Bcc1 heterozygotes have a bright coat color that is apparent
at 4 weeks of age (Figure 1a and b). The coat color phenotype
is visible at weaning age, but less obvious at later time points.
To further characterize the Bcc1/þ hair phenotype, we used
light microscopy to examine the length, structure, and color
of the hair from three mutant and three non-mutant animals.
Hair cells from Bcc1/þ animals contain light brown
pigment, whereas non-mutant pigment appears dark brown/
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black (Figure 1c and d, data not shown). All hair types are
affected (zigzag, auchene, awl, and guard). There are no
differences in hair length, quality of the agouti band, nor
structural differences in the hair from mutant and non-mutant
animals. In addition, histologic analysis of hair follicles from
the dorsal skin of 4- and 8-week-old affected animals is
normal.
We also examined the phenotype of Bcc1 homozygotes
from Bcc1/þ intercrosses. Although Bcc1/Bcc1 newborns do
not appear different from their littermates, the animals fail to
grow at the rate of non-mutant and Bcc1/þ animals. By
2 weeks of age, Bcc1 homozygotes are runted and under-
developed (Figure 2a, data not shown), and show a slight
reduction in survival compared to non-mutant and Bcc1/þ
animals (15 þ /þ : 37 Bcc1/þ : 7 Bcc1/Bcc1, P¼0.05).
During the course of a pathologic examination of
oropharyngeal tissues, we identified a likely explanation for
the developmental delay in Bcc1/Bcc1 animals as defects in
the structure of the oral mucosa. Gross examination of
tongues from homozygous animals reveals significant leuko-
plakia (Figure 2b and d). The normal architecture of the
tongue is absent and the tissue is friable. Histological
examination of lesional mucosa from homozygous animals
shows mucosal thickening and cytolysis of the spinous layer
(Figure 2e and g). The basal cell layer is intact, and a mild
lymphocytic infiltrate appears in the submucosa. These
histologic features are also apparent in the palatal and
esophageal mucosa, but are absent from the stomach (data
not shown). Bcc1/þ animals also exhibit a similar, albeit
much milder tongue phenotype (Figure 2c). Bcc1/þ lingual
mucosa is thick and there is evidence of inter-papillar
cytolysis (Figure 2f). Like other mouse mutants that are
characterized by oral blistering, lesions of the oral mucosa
may impair suckling and adequate food intake in young
animals and seem likely to contribute to the developmental
delay observed in Bcc1 homozygotes (Ryan et al., 1999;
Wong et al., 2000).
We crossed C3HeB/FeJ – Bcc1/þ animals to C57BL/6J
animals, and used the segregation pattern of 74 simple
sequence length polymorphism markers among mutant
backcross and intercross progeny to determine that Bcc1
was located in a 4.04 Mb region on distal chromosome 15, a
region that contains over 100 genes, including the basic
keratin gene cluster. We first considered Keratin 6a (Krt2-6a),
Keratin 6b (Krt2-6b), Keratin 6hf (Krt2cap1), and the basic
hair keratins (Krthb1-6) as the most likely candidates because
they are expressed in the lingual mucosa and in the hair
follicle (Moll et al., 1982; Langbein et al., 1999, 2001;
Rothnagel et al., 1999; Wong et al., 2000; Heid et al.,
1988a, b). PCR amplification of genomic DNA and direct
sequencing of Krt2-6a, Krt2-6b, and Krt2cap1 exons from
non-mutant and mutant animals failed to reveal any
sequence variants.
Careful examination of the lingual histology revealed that
mucosal cell cytolysis in Bcc1/þ animals is present in the
inter-lingual papillae, an anatomic location where Krt2-4 is
highly expressed (Heid et al., 1988b). PCR amplification of
genomic DNA identified a missense mutation (A578G) that
predicts an N154S substitution in the helix initiation motif of
Keratin 4 in Bcc1 animals (Figure 3a). This region is known to
be important for acidic keratin–basic keratin interactions
during the formation of keratin intermediate filaments
(Coulombe et al., 1990; Wilson et al., 1992), and is a
domain where mutations in human patients with WSN have
been identified (Figure 3b, http://uwcmml1s.uwcm.ac.uk/
uwcm/mg/search/120697.html; Rugg et al., 1995; Terrinoni
et al., 2000). In fact, a human patient with WSN has a 3 bp
deletion that removes one of two adjacent Asn residues in the
helix initiation domain, and which corresponds to the
homologous position affected by the Bcc1 mutation (Rugg
et al., 1995).
DISCUSSION
The Bcc1 missense allele of Krt2-4 that we identified, N154S,
causes a phenotype that shares many features of the human
keratin disorder, WSN. Like the Bcc1 mutant, WSN is
characterized by white, spongy plaques of the oral mucosa
(Jorgenson and Levin, 1981). The sites of involvement in
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Figure 1. Bcc1 heterozygous phenotype. (a, b) Bcc1/þ hair is lighter than
non-mutant hair at 4 weeks of age. The bright hair is apparent in the rear of
the animal (black arrow). (c, d) Light microscopy of zigzag hairs reveals that
the pigment in mutant hair cells is lighter than in non-mutant hair cells.
m (c, d) Bar¼ 120 m.
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Figure 2. Bcc1 homozygous phenotype. (a) Bcc1/Bcc1 animals are smaller
than non-mutant animals at 2 weeks of age. (b–d) The tongue of 2-week-old
Bcc1/Bcc1 animals is characterized by friable, white plaques. Bcc1/þ
tongues exhibit mild leukoplakia. (e–g) Histologic analysis of Bcc1/Bcc1
lingual mucosa reveals mucosal thickening, intracellular edema, and cytolysis
of the spinous layer. The basal cell layer has an orderly appearance, and
the submucosa shows a mild lymphocytic infilatrate. Bcc1/þ lingual mucosa
is thick and there is evidence of inter-papillar cytolysis (black arrow).
Bars ¼ (a) 1 cm, (b–d) 1 mm, (e–g) 100 mm.
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human patients are variable: lingual mucosa, buccal mucosa,
labial mucosa, and the hard and soft palate are commonly
affected. In addition, esophageal, nasal, laryngeal, vaginal,
and anal mucosa may be involved. Our analysis shows that
mutant animals have lesions that affect the lingual, palatal,
and esophageal mucosa. Histologic examination of mucosa
from these sites from mutant animals shows mucosal
thickening, spinous layer cytolysis, and edema. Therefore,
the gross phenotype and histologic findings of the mucosa
mimic the phenotype observed in patients with WSN. The
Bcc1 missense allele of Krt2-4 also recapitulates WSN at the
genetic level; thus, studying the pathogenesis of the disorder
in cells and tissues of mutant animals will provide a
foundation for better understanding the human disease.
Availability of a mouse model has allowed us to explore
the effect of homozygosity for Krt2-4 mutations, an opportu-
nity that has not been possible in humans. The severity of the
mucosal blistering, significant developmental delay, and the
reduced survival of homozygous mutant animals suggests that
the viability of humans with homozygous mutations may be
reduced. Finally, WSN has also been associated with
mutations in the acidic keratin, Keratin 13 (Krt1-13), which
suggests an additional candidate for other Bcc mutations in
mice (Richard et al., 1995).
The subtle lightening of hair color in our animals is the
basis upon which the mutation was recognized and named –
a phenotype that was not reported in the Krt2-4-knockout
allele (Ness et al., 1998). Ness et al. (1998) previously
described a Krt2-4-targeted mutation in which mice exhibited
histologic changes in the tongue and esophagus. In addition,
the homozygous knockout animals exhibit an age-dependent
increase in the deposition of dermal melanin. Unlike Bcc1,
they did not observe a hair color phenotype. The phenotypic
differences between Krt2-4Bcc1 and the Krt2-4-targeted allele
may be owing to differences in the alleles: Krt2-4Bcc1 is
predicted to have a dominant-negative effect on keratin
intermediate filament assembly, whereas the targeted allele is
a null mutation. Alternatively, the hair color phenotype we
observed may be subtle and/or restricted to a particular time
or place such that it was not detected in the initial survey of
animals carrying the Krt2-4-targeted mutation. Finally, we
cannot exclude the possibility that strain differences between
the background of the Krt2-4Bcc1 allele (C3HeB/FeJ) and the
targeted allele (mixed background of 129/Ola and C57BL/6)
influence the expression of the hair color phenotype.
The 1A domain in keratin proteins is important in
mediating interactions between basic and acidic keratins
during the formation of keratin intermediate filaments.
Mutations in the 1A domain have been found in many
patients with inherited keratin disorders, and are predicted to
have a dominant-negative effect on intermediate filament
assembly (Albers and Fuchs, 1987; Fuchs et al., 1992;
Bickenbach et al., 1996; Rugg and Leigh, 2004). We expect
that the Krt2-4Bcc1 mutation has a similar effect on the
formation of the mucosal and follicular keratinocyte filament
network in mice. The absence of histologic abnormalities in
Krt2-4Bcc1/þ hair follicles underscores the ability of pigment-
ation to serve as a very sensitive indicator of gene action.
ENU mutagenesis and gene targeting approaches in mice
have expanded the number of mouse mutants that serve as
entry points for studying normal physiology and human
diseases. Thus far, in our studies of 12 skin color and three
coat color mouse mutants from the dominant screen in
Neuherburg, we have identified three new mouse models for
inherited keratin disorder. Our findings are not surprising as
melanocytes are intimately associated with epidermal and
follicular keratinocytes: melanocytes transfer pigment-laden
vesicles to adjacent keratinocytes that give rise to skin and
hair color, respectively. We expect that continued study of
ENU-induced skin and coat color mutants will highlight new
genes that influence the number or activity of melanocytes as
well as pathways that affect the development and biology of
the surrounding epithelium.
MATERIALS AND METHODS
Mouse genetics
Like other animals from the original mutagenesis project (http://
www.gsf.de/ieg), Bcc1 was generated using ENU, and maintained
on a C3HeB/FeJ inbred background. For genetic mapping, genomic
DNA from 12 mutant backcross progeny ((C3HeB/FeJ-Bcc1/
þ C57BL/6J) F1C3HeB/FeJ) animals were typed using a panel
of 74 genome-wide simple sequence length polymorphisms. Marker
+/+
I K T L NN K F A
I K T L NS K F A
Bcc1/Bcc1
Human missense alterations in white sponge nevus
153_154insQ
          159delN
E449K
1A 1B 2A 2B
Bcc1: N154S
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b
Figure 3. A mutation in Krt2-4 in Bcc1. (a) Sequencing of genomic DNA from
non-mutant and homozygous mutant animals reveals an A-G transition in
exon 1 of Krt2-4 (NM_008475). (b) The Bcc1 base-pair change predicts an
N154S missense alteration in the 1A domain of Krt2-4 (red arrow). Human
alterations in patients with WSN are indicated (black arrows) (http://
uwcmml1s.uwcm.ac.uk/uwcm/mg/search/120697.html; Rugg et al., 1995;
Terrinoni et al., 2000; Chao et al., 2003).
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sequences are available on request. Linkage to distal chromosome
15 was verified using 69 backcross and 29 F2 intercross ((C3HeB/
FeJ-Bcc1/þ C57BL/6J) F1 (C3HeB/FeJ-Bcc1/þ C57BL/6J) F1)
mutant animals (one apparent double recombinant animal was
excluded from the analysis). Relationship between genetic and
physical distances was evaluated with the March 2005 release of the
mouse genome sequence (http://genome.ucsc.edu). The experiments
in this study were approved by the Stanford Administrative Panel on
Laboratory Animal Care.
Hair analysis
Hair was plucked from the dorsum of three, 4-week-old mutant and
three, 4-week non-mutant animals. At least 50 hairs (representing
zigzag, auchene/awl, and guard hairs) were measured, and
evaluated for pigmentation defects and structural abnormalities
using light microscopy.
Histology
The tongues, soft palate, esophagus, and stomach from 2-week-old,
and dorsal skin from 4- and 8-week-old mutant and non-mutant
littermates were removed, fixed in 4% paraformaldehyde, and
embedded in paraffin. Sections 10 mm thick were taken, stained with
hematoxylin and eosin, and examined by light microscopy. The
tongue was sectioned in entirety for at least three animals of each
genotype.
Molecular genetics
Genomic DNA from þ /þ and Bcc1/Bcc1 animals was used for PCR
amplification and direct sequencing of Krt2-6a, Krt2-6b, Krt2cap1
(also referred to as Krt2-6hf), and Krt2-4 coding exons (NM_008476,
NM_010669, NM_133357, NM_008475, respectively). Animals are
genotyped using a Bcg1 restriction fragment length polymorphism
that is present in mutant animals.
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